Dipeptidyl peptidase IV (DPPIV) is an exopeptidase that modulates the function of several substrates, among which insulin-releasing incretin hormones are the most well known. DPPIV also modulate substrates involved in inflammation, cell migration, and cell differentiation. Although DPPIV is highly expressed in proximal renal tubular cells, the role of DPPIV inhibition in renal disease is not fully understood. For this reason, we investigated the effects of LC15-0444, a DPPIV inhibitor, on renal function in a mouse model of renal fibrosis. Eight-week-old C57/BL6 mice were subjected to unilateral ureteral obstruction (UUO) and were treated with LC15-0444 (a DPPIV inhibitor) at a dose of 150 mg/kg per day in food or vehicle for 14 days. DPPIV activity was significantly increased in obstructed kidneys, and reduced after treatment with LC15-0444. Administration of LC15-0444 resulted in a significant decrease in albuminuria, urinary excretion of 8-isoprostane, and renal fibrosis. DPPIV inhibition also substantially decreased the synthesis of several proinflammatory and profibrotic molecules, as well as the infiltration of macrophages. UUO significantly increased, and LC15-0444 markedly suppressed, levels of phosphorylated Smad2/3, TGFb1, toll-like receptor 4, high-mobility group box-1, NADPH oxidase 4, and NF-kB. These results suggest that activation of DPPIV in the kidney has a role in the progression of renal disease and that targeted therapy inhibiting DPPIV may prove to be a useful new approach in the management of progressive renal disease, independent of mechanisms mediated by glucagon-like peptide-1.
Glucagon-like peptide-1 (GLP-1) and gastrointestinal peptide (GIP) are incretin hormones that lower serum glucose. Their half-lives are short because dipeptidyl peptidase 4 (DPPIV) rapidly converts bioactive GLP-1 and GIP to their inactive metabolites. 1, 2 DPPIV is a serine protease that cleaves off N-terminal dipeptides from peptide substrates. 3 DPPIV inhibitor lowers serum glucose by inhibiting the degradation of incretin hormones, and then induces some of the similar effects of incretin hormones such as activation of insulin secretion, inhibition of glucagon secretion, and improvement of b-cell mass. 3 For this reason, several DPPIV inhibitors (sitagliptin, vildagliptin, saxagliptin, and linagliptin) are used in the treatment of type 2 diabetes mellitus. 3 DPPIV is a so-called 'moonlighting protein' with a variety of functions that vary depending on intracellular vs extracellular location, cell type, oligomeric vs polymeric state, and concentrations of ligand, cofactor, or product. 4, 5 DPPIV has been found to function as a serine protease, a receptor, a costimulatory protein, and as an adhesion molecule for collagen and fibronectin, as well as having roles in apoptosis and immune regulation. 6 It has been found to have roles in several important diseases, including melanoma, autoimmune diseases, and AIDS. 6 DPPIV acts on a wide variety of substrates involved in metabolism, glucose regulation, inflammation, cell migration, and cell differentiation. 7 Certain substrates of DPPIV, including BNP/ANP, NPY, PYY, and SDF-1a, have been found to affect the renal and cardiovascular systems. 8 Recently, investigations of DPPIV have focused on identifying new physiologically relevant substrates, such as RANTES, neuropeptide Y, and substance P. 9, 10 High-mobility group box-1 (HMGB-1) protein is a cytokine identified in 2012 as a substrate of DPPIV that mediates responses to infection, injury, and inflammation. 11, 12 A 2012 paper proposed HMGB-1 as a causative factor in renal damage. 13 DPPIV has high expression levels and activity in the kidney, and is found on the apical/brush border surface of proximal renal tubular cells and in the urine. 14 However, the roles of DPPIV and its inhibition are not fully understood in the pathogenesis of renal disease. For this reason, we investigated the roles of DPPIV and its inhibition on renal function in a mouse model of renal fibrosis.
MATERIALS AND METHODS Animal Studies
We divided 8-week-old C57/BL6 mice into four groups: sham treatment alone (N ¼ 6), sham treatment with LC15-0444, a DPPIV inhibitor (n ¼ 5), unilateral ureteral obstruction (UUO) with vehicle (N ¼ 7), and UUO treated with LC15-0444 (N ¼ 7). UUO was performed by complete ligation of the left ureters with 6-0 silk at two points and a cut was made between them. The upper ligation was consistently placed at the level of the lower pole of the kidney. After causing UUO, mice were fed with either normal chow or chow mixed with 150 mg/kg per day of LC15-0444 for 14 days. All mice were provided with a standard diet and water, and were maintained at constant temperature (23±2 1C) and humidity (55±5%) with a 12-h light/dark cycle. Daily food intake was monitored at regular intervals to confirm drug administration. At the end of the study period, systolic blood pressure was measured using tail-cuff plethysmography (LE 5001-Pressure Meter; Letica SA, Barcelona, Spain). Plasma creatinine levels were determined by a modified Jaffe method. Plasma triglyceride, cholesterol, HDL-C and LDL-C analyses were performed using a commercial kit (Wako Chemicals, Richmond, VA, USA). To determine urinary albumin excretion, mice were caged individually and 24-h urine was collected. Urinary albumin concentrations were determined by competitive enzymelinked immunosorbent assay (ELISA) kit (ALPCO, Westlake, OH, USA). Plasma and urine 8-isoprostane levels were measured using an ELISA kit (Cayman Chemical, Ann Arbor, MI, USA). Plasma active GLP-1 levels were determined by ELISA kit (Millipore, St Charles, MO, USA). Mice were killed under anesthesia with intraperitoneal injections of sodium pentobarbital (50 mg/kg). All the samples were analyzed by ELISA in triplicate, and the results were averaged. All experiments were conducted in accordance with National Institutes of Health guidelines and with the approval of the Korea University Institutional Animal Care and Use Committee.
Assay for DPPIV Activity DPPIV activity in plasma, cell and tissues was measured as described previously. 15 Briefly, 0-40 mM of AMC (7-amino-4-methylcoumarin) standard was loaded into each well individually and fluorometric measurements were taken at Em/Ex ¼ 360/465 nm, generating a linear standard curve. Next, 50 ml of plasma sample was added to each of 96 wells, followed by the addition of 50 ml substrate solution (0.1 M HEPES, 50 mM Gly-Pro-AMC, and 50 mg BSA) per well. Plates were immediately measured using a Spectramax GEMINI XPS fluorescence microplate reader ( Abcam Plc). The membrane was subsequently incubated with horseradish peroxidase-conjugated secondary antibody (1:1000 dilution) for 60 min at room temperature. Specific signals were detected using the enhanced chemiluminescence method (Amersham, Buckinghamshire, UK).
Light Microscopy and Immunohistochemistry
Kidney samples were fixed in 10% buffered formalin and embedded in paraffin. Kidney tissue was cut into 4-mm-thick slices and stained with periodic acid Schiff (PAS), Masson's trichrome and sirius red staining. After Masson's trichrome staining, the degree of tubulointerstitial fibrosis was assessed by a point-counting method as described previously. 16 Briefly, a standardized grid of 70 points was superimposed on the microscope, and the number of points over the glomeruli, tubular epithelium, and interstitial tissue were counted and scored as 0 for 0%, 1 for o25%, 2 for 25-50%, 3 for 51-75%, and 4 for 475% for each field with tubulointerstitial fibrosis. Macrophage infiltration was detected by rat anti-mouse F4/80 antibody (1:2000; Serotec, Raleigh, NC, USA) and incubated at room temperature for 1 h, followed by use of the Envision kit (Dako, Carpinteria, CA, USA). Macrophages infiltrating the interstitium were counted and expressed as the number of macrophages per high-power field. To perform immunohistochemical staining for type I collagen, TGFb1, and a-SMA, kidney sections were transferred to a 10 mmol/l citrate buffer solution adjusted to a pH of 6.0. Thereafter, sections were microwaved for 10-20 min to retrieve antigens for TGFb1 and a-SMA, or treated with trypsin (Sigma, St Louis, MO, USA) for 30 min at 37 1C for type I collagen. To block endogenous peroxidase activity, 3.0% H 2 O 2 in methanol was applied for 20 min, followed by incubation at room temperature for 60 min with 3% BSA/3% normal goat serum. Slides were incubated overnight at 4 1C with rabbit polyclonal anti-TGFb1 antibody and rabbit polyclonal anti-type I collagen antibody (1:200; Santa Cruz Biotechnology), and rabbit polyclonal anti-a-SMA antibody (1:100; Santa Cruz Biotechnology). For coloration, slides were incubated at room temperature with a mixture of 0.05% 3,3 0 -diaminobenzidine containing 0.01% H 2 O 2 and then counterstained with Mayer's hematoxylin. Negative control sections were stained under identical conditions with a buffer solution that was substituted for the primary antibody.
A pathologist carried out the histological examinations in a blinded manner.
In Vitro Experiment
In this experiment, we used a mouse podocyte cell line that was obtained from Peter Mundel at the Albert Einstein College of Medicine (New York, NY, USA). Mouse mesangial cells were obtained from a portion of the renal cortex from normal C57BL/6 mice using the differential sieving method. Rat proximal tubule cells (NRK-52E) were purchased from American Type Culture Collection (ATCC, Rockville, MD, USA). Experimental cells were cultured in DMEM supplemented with 10% FCS and 100 mg/ml of penicillin/streptomycin. To evaluate the basal expression levels of DPPIV, subconfluent cells were serum-starved for 24 h, and harvested to determine RNA and protein expression. As most DPPIV expression was profoundly observed in PTC, we next performed another experiment using PTC. Because TGFb1 is one of the most important mediators of renal fibrosis in UUO, we next evaluated the effect of TGFb1 on DPPIV activity. Subconfluent PTCs were cultivated with or without TGFb1 at a final concentration of 10 ng/ml for 24 h, and the harvested for the measurement of DPPIV activity. All experimental groups were cultured in triplicate.
Statistical Analysis
Nonparametric analysis was used because of the small sample size. Results are expressed as mean ± s.e.m. Multiple comparisons were carried out using Wilcoxon's rank-sum tests and Bonferroni correction. A Kruskal-Wallis test was used to compare more than two groups, followed by a Mann-Whitney U-test, using a microcomputer-assisted program called SPSS for Windows 12.0 (SPSS, Chicago, IL, USA). A P-value o0.05 was considered statistically significant. Table 1 shows biochemical results for each group. Body weight and kidney weight were significantly lower in the UUO group than in the sham operation group and the sham group treated with LC15-0444. There were no significant differences in urine volume, plasma creatinine levels, or plasma lipid levels. Systolic blood pressure was significantly higher in the UUO group than in the sham group and the sham group treated with LC15-0444. However, LC15-0444 treatment did not induce any significant changes in systolic blood pressure.
RESULTS

Effects of LC15-0444 on Biochemical and Physical Parameters in Experimental Animals
Effects of LC15-0444 on DPPIV Activity, Plasma 8-Isoprostane, and Urinary Excretion of Protein, Albumin and 8-Isoprostane Although plasma DPPIV activity tended to be lower in mice treated with LC15-0444, there was no significant difference among the four groups because of large interindividual variation ( Figure 1a ). Renal DPPIV activity was significantly increased in mice that underwent UUO; those treated with LC15-0444 had markedly suppressed DPPIV activity (Figure 1b) . Even in the control sham group, LC15-0444 treatment significantly suppressed renal DPPIV activity (Figure 1b) . In addition, urinary levels of 8-isoprostane, which reflect oxidative stress in the kidney, were markedly increased after UUO, but significantly decreased in mice treated with LC15-0444 (Figure 1c) . However, LC15-0444 treatment did not show significant difference in urinary excretion of 8-isoprostane in the control sham group (Figure 1d) . As LC15-0444 treatment may decrease systemic levels of oxidative stress, we next measured plasma levels of 8-isoprostane. As shown in Figure 2a , there was no significant difference in the plasma concentration of 8-isoprostane among four groups. In accordance with these changes, urinary excretion of albumin was markedly increased after UUO, and significantly decreased after LC15-0444 treatment (Figure 2b ). However, there was no significant difference in microalbuminuria in the sham group with or without treatment with LC15-0444 (Figure 2b ). Figure 3 show representative renal pathology and immunostaining for F4/80 and a-SMA in treated and untreated mice. PAS and Masson's trichrome staining revealed extensive tubulointerstitial damage, including interstitial fibrosis and tubular atrophy, in untreated mice with UUO. In fact, this group exhibited enhanced fibrosis as demonstrated by increased collagen I, TGFb1, and a-SMA accumulation in the fibrotic area of the tubulointerstitium (Figure 3 , Supplementary Figure 1 ). We used F4/80 staining to examine renal macrophage infiltration as a marker of inflammation, a critical result of UUO. As shown in Figure 3 , there was significant macrophage infiltration in the tubulointerstitium after UUO. Mice treated with LC15-0444 exhibited less extensive interstitial fibrosis, tubular atrophy, a-SMA expression, and macrophage infiltration (Figure 3) . However, LC15-0444 treatment did not show significant structural changes and macrophage infiltration in the sham group. Compared with the obstructed kidney, there was no tubulointerstitial damage but macrophage infiltration showed severe changes in the contralateral unobstructed kidney. However, these changes were more evident in the untreated UUO group, and LC15-0444 treatment significantly suppressed renal inflammation in the contralateral unobstructed kidney in the UUO group (Figure 3 and Supplementary Figure 1) . In accordance with this morphological alteration, mRNA expression levels of proinflammatory cytokines were remarkably upregulated in both obstructed and contralateral unobstructed kidney in the UUO group, and LC15-0444 treatment also decreased renal expression of proinflammatory and profibrotic molecules such as MCP-1, PAI-1, TGFb1, type I collagen, and TNFa (Figures 4a and b) . Furthermore, quantitative analysis with immunohistochemical staining showed similar results (Figures 4c and d) .
Effects of LC15-0444 on Renal Structural Changes
Effects of LC15-0444 on Oxidative Stress and Inflammatory Molecules
We next examined the inflammatory and fibrotic signaling cascades in mice that underwent UUO. As shown in Figure 5 , western blot analysis showed significant upregulation of inflammatory molecules, including toll-like receptor 4, NOX4 and NF-kB (p65) protein, as well as fibrotic molecules, including TGFb1 and p-Smad2/3, in the obstructed kidney. All of these molecules were decreased in mice treated with LC15-0444. Although these changes were less severe in the contralateral unobstructed kidney compared with those in obstructed kidney in UUO group, inflammatory molecules were still significantly upregulated compared with control sham kidney. In addition, LC15-0444 significantly downregulated inflammatory molecules in the contralateral unobstructed kidney. However, LC15-0444 treatment did not show significant changes in the control sham group. Of note, the obstructed kidneys showed no significant change in ERK activation, but decreased expression of the GLP-1 receptor, neither of which was affected by LC15-0444 treatment. The expression of HMGB1, an inflammatory mediator, was not upregulated in mice with UUO, but was in fact suppressed in mice treated with LC15-0444.
Basal DPPIV Activity in Intrinsic Renal Cells and Effects of TGFb1 Stimulation on DPPIV Activity in Cultured Proximal Tubular Cells
We next examined the DPPIV expression, which was significantly increased after UUO, in various renal cells. As shown in Figures 5a and b , basal DPPIV mRNA and protein expression were most abundantly observed in proximal tubular cells (PTCs) compared with mesangial cells and podocytes. We also found that TGFb1 stimulation, a major mediator in renal fibrosis, markedly increased DPPIV activity in PTCs (Figure 6c ).
DISCUSSION
LC15-0444 is a selective and competitive inhibitor of DPPIV currently used in clinical practice for the treatment of type 2 diabetes. 17 The direct inhibition of DPPIV increases GLP-1 levels and improves the insulin response and glycemic control. In this study, we found that LC15-0444 decreased urinary protein excretion and mitigated renal structural changes in obstructed and contralateral unobstructed kidneys. Our findings agree with those of previous studies, which demonstrated DPPIV inhibition to protect the kidney against ischemia-reperfusion injury animal models of type 1 and type 2 diabetic nephropathy. [18] [19] [20] [21] It has been proposed that the protective effects of DPPIV inhibition are mediated by increased circulating levels of GLP-1. 17, 20 In our study, we used a model of kidney injury to simulate progressive tubulointerstitial fibrosis and elucidate the effects of DPPIV inhibition independent of GLP-1. Plasma levels of GLP-1 did not differ significantly between groups. Furthermore, GLP-1 DPPIV and progressive renal disease HS Min et al receptor expression was markedly decreased after UUO, and remained unchanged after LC15-0444 treatment. Our results suggest that the renoprotective effects of LC15-0444 are independent of GLP-1-mediated mechanisms. LC15-0444, also known as gemigliptin (LG Life Sciences, Seoul, Republic of Korea), is a selective and competitive inhibitor of DPPIV and is currently used in clinical practice for the treatment of type 2 diabetic patients in Korea. In an animal experiment, LC15-0444 shows inhibition of DPPIV activity by Z80%, which is associated with a maximal short-term lowering of glucose levels. 22 In addition, a twofold augmentation of postprandial active GLP-1 levels is associated with similar effects. 22 A phase I study conducted in healthy Korean male subjects after single administration of LC15-0444 at doses of either 25, 50, 100, 200, 400, or 600 mg found that a single dose of LC15-0444 exhibited linear PK properties over the range of 50-400 mg in study subjects. 23 In addition, PK characteristics were not significantly influenced by food, and doses Z200 mg of LC15-0444 inhibited plasma DPP IV activity by 480% over a 24-h dosing interval, and a 600 mg dose increased active GLP-1 levels after a standardized meal. Furthermore, LC15-0444 was generally well tolerated without significant side effects. 23 In a phase II study performed in 145 Korean subjects with type 2 diabetes mellitus at doses of 50, 100, and 200 mg for 12 weeks, LC15-0444 treatment even at a dose of 50 mg per day improved the HbA1c, fasting plasma glucose (FPG) levels, and insulin sensitivity. 24 In addition, a recently performed phase III study conducted in 182 patients with type 2 diabetes mellitus including Korean and Indian populations also showed that 24 weeks of LC15-0444 treatment at a dose of 50 mg per day led to significant reductions in HbA1c and FPG levels. 25 In a metformin add-on trial performed in 425 Asian patients with inadequately controlled type 2 diabetes being treated with metformin alone, gemigliptin showed comparable efficacy and safety profiles to sitagliptin. 26 In the present study, we observed that the increased urinary excretion of 8-isoprostane after UUO, reflecting the increased oxidative stress in the kidney, was attenuated in mice treated with LC15-0444. However, we did not observe significant differences in plasma 8-isoprostane levels among the four groups. These results suggest that LC15-0444 treatment mainly suppresses renal oxidative stress without systemic antioxidative stress effects. We found significant upregulation of inflammatory molecules in the contralateral unobstructed kidney compared with the sham kidney, and these changes led to increased urinary levels of 8-isoprostane after UUO. We also observed that UUO-induced upregulation of NOX4 after UUO was attenuated in mice treated with LC15-0444. These results agree with other research showing that DPPIV inhibition decreases oxidative stress in various organs. 18, 27 Taken together, these results suggest that DPPIV inhibition decreases oxidative stress in the kidney, leading to improved renal function.
Our study differs from previous research in that we directly determined DPPIV activity in the kidney rather than simply measuring DPPIV expression. Our model showed that DPPIV activity was increased after UUO and that LC15-0444 treatment suppressed DPPIV activity. Our results suggest that renal DPPIV activation may have a role in the progression of tubulointerstitial fibrosis.
We also found evidence that LC15-0444 improved inflammatory and fibrotic processes, including MCP-1, type I collagen, TGFb1, and PAI-1 expression, as well as macrophage infiltration. The differing effects of DPPIV inhibition on tissue inflammation may stem from the differences in animal models and individual disease states. 28, 29 Taken together, these results suggest that increased macrophage infiltration, TGFb activation, and downstream Smad2/3 pathway activation may have roles in renal inflammation that are blocked by DPPIV inhibition.
In the present study, we observed that urinary excretion of albumin was markedly suppressed by LC15-0444. Although tubulointerstitial fibrosis was not observed in the contralateral unobstructed kidney compared with obstructed kidney, we observed that inflammatory changes were significantly evident compared with the control sham group, and LC15-0444 treatment markedly suppressed renal inflammation in the contralateral unobstructed kidney, and these changes led to decreased urinary excretion of albumin. In addition, we also observed that DPPIV activity was suppressed after LC15-0444 treatment in the sham operation group. However, there were no significant increase in urinary albumin excretion, oxidative stress and morphologic alterations in the LC15-0444-treated sham group compared with the control sham group, which suggests an independent effect of LC15-0444.
It has been determined that DPPIV cleaves HMGB1 at its N terminus and markedly reduces HMGB1-induced endothelial cell migration and tubular-like structure formation in vitro, as well as vessel formation in vivo. 11 HMGB1, a nuclear protein that regulates gene transcription, is passively released after cell injury and has been implicated in tissue inflammation in animal models of kidney injury. 13, 30 HMGB1 is a known ligand of TLR, which leads to the activation of NF-kB, ultimately increasing tissue inflammation. 12, 31 We also found that renal expression of HMGB1 was decreased in mice given LC15-0444 treatment in this study. Similarly, TLR4 and NF-kB expression was increased in obstructed kidneys and decreased in mice treated with LC15-0444. Considering that HMGB1 can be released into the extracellular space from damaged proximal tubule cells or infiltrating activated macrophages, 11, 12 it is possible that LC15-0444 treatment reduces macrophage infiltration in proximal tubule cells and suppresses HMGB1 expression in the kidney. The role of HMGB1 in tubulointerstitial fibrosis merits further study. In this study, we observed that basal DPPIV activity was highest in proximal tubule cells compared to mesangial cells or podocytes. For these reasons, we tested whether TGFb1 stimulation increased DPPIV activity because TGFb1 is a well-known central player in renal fibrosis in the UUO model. 32, 33 Interestingly, we found that exogenous administration of TGFb1 markedly enhanced DPPIV activity in proximal tubule cells. These results are in contrast with those from a previous study using human peritoneal mesothelial cells and human dermal fibroblasts, which shows that exogenous TGFb1 decreases DPPIV activity. 34, 35 These different results may be because of differences in experimental cells and currently there is no data on the effect of TGFb1 on DPPIV activity in renal cells. Taken together, these results suggest that DPPIV activation may contribute to the progression of renal disease.
In the present study, we observed increased inflammation in the contralateral kidney after UUO. There are several possible mechanisms responsible for increased inflammation in the contralateral kidney as well as in the obstructed kidney. The contralateral unobstructed kidney may undergo hyperfiltration state to compensate for the decreased renal unit, and the activation of renin-angiotensin system (RAS) from obstructed kidney may induce systemic RAS activation. Consequently, contralateral kidney is exposed to increasing levels of circulating angiotensin II. 36 There is a great deal of evidence implicating that hyperfiltration is associated with increased renal tissue inflammation in experimental animal models. 37, 38 Our result were in line with recent report that oxidative stress and inflammation is increased in the contralateral kidney after chronic UUO in the neonatal mice. 39 In conclusion, our results suggest that DPPIV inhibition protects against renal injury in mice via several mechanisms related to fibrosis, inflammation, and oxidative damage, independently of its hypoglycemic effects. We recommend further study of DPPIV inhibitors as treatments of progressive renal disease.
